The reduced graphene oxide reinforced silicone-acrylate resin composite films (rGO/SAR composite films) were prepared by in situ synthesis method. The structure of rGO/SAR composite films was characterized by Raman spectrum, atomic force microscope, scanning electron microscopy, and thermogravimetric analyzer. The results showed that the rGO were uniformly dispersed in silicone-acrylate resin matrix. Furthermore, the effect of rGO loading on mechanical properties of composite films was investigated by bulge test. A significant enhancement (ca. 290% and 320%) in Young's modulus and yield stress was obtained by adding the rGO to silicone-acrylate resin. At the same time, the adhesive energy between the composite films and metal substrate was also improved to be about 200%. Moreover, the erosion resistance of the composite films was also investigated as function of rGO loading. The rGO had great effect on the erosion resistance of the composite films, in which the corr (ca. 0.8 mm/year) of composite film was far lower than that (28.7 mm/year) of pure silicone-acrylate resin film. Thus, this approach provides a novel route to investigate mechanical stability of polymer composite films and improve erosion resistance of polymer coating, which are very important to be used in mechanical-corrosion coupling environments.
Introduction
An intense effort is underway to find coatings that inhibit the process of metal corrosion, a problem costing US industries more than $200 billion annually [1] . Corrosion can be inhibited or controlled by introducing a stable protective layer made of inert metals [2] , conductive polymers [3] , or even thiol-based monolayers [4] between a metal and a corrosive environment. In particular, polymeric coating has attracted considerable interest due to lightweight, low-cost, and being fabricated easily and inexpensively by employing cost-effective techniques, for instance, inkjet and spray coating [5] [6] [7] . Most of these works have focused more on erosion resistance of polymeric coating. However, the application environment of corrosion-resistant polymeric coating was multienvironmental fields of corrosion, mechanics, and thermo in practical engineering [8] . In addition to this, the erosion resistance of polymeric coatings was usually closely related to their mechanical properties such as Young's modulus, ultimate tensile strength, and adhesive energy. For example, when the coating barrier was mechanically damaged and the corrosive species penetrate the metal surface, the corrosion process could not be avoided [8, 9] . So, the study of mechanical behavior was very important to design and practical application of corrosion-resistant polymer thin film. However, there were few works reporting on the 2 Journal of Nanomaterials mechanical behavior of corrosion-resistant polymer thin film because these mechanical properties (i.e., elastic modulus, yield strength, and adhesive energy) of corrosion-resistant polymeric coatings were difficult to be measured by the conventional tensile test [10] . Therefore, it is of great necessity to find a new method to investigate the mechanical properties of corrosion-resistant polymer thin film with metal substrate. Silicone-acrylate resin was a common polymeric coating that inhibited the process of metal corrosion [11] . And graphene was the strongest material and effective corrosion-inhibiting materials known to man [12] . So, graphene nanosheets (GNS) reinforced silicone-acrylate resin thin film is expected to be a good kind of anticorrosive material with high performance. To the best of our knowledge, the erosion resistance of polymer composite thin film based on graphene materials was rarely reported.
In this study, the GNS reinforced silicone-acrylate resin composite thin film was prepared by the in situ synthesis method. Furthermore, their mechanical properties (i.e., elastic modulus, yield stress, and adhesive energy) were characterized by the modified bulge test. Moreover, erosion resistance of GNS-based silicone-acrylate resin coating was also investigated by electrochemical measurements. These results are very important to improve the mechanical properties and erosion resistance of polymer coating, which is used as a stable protective layer applied in metal corrosion.
Experimental
2.1. Materials. Nature graphite flakes (325 mesh, 99.8%), sodium hydroxide emulsion (37.0 wt%), and other chemicals and reagents used in this work are of analytical grade. Deionized water was used for preparation, dilution, and analytical purpose.
Preparation of rGO/Silicone-Acrylate Resin Composite
Film. rGO was prepared from natural graphite by our own group, and the preparation process was shown in previous work [13] . An appropriate amount of rGO aqueous solution (2.5 mg/mL), calculated by 0, 0.27, 1.1, and 1.93 wt% with respect to silicone-acrylate resin, was introduced into the solution containing silicone-acrylate and then further mixed under magnetic stirring for 1 h at room temperature. The resultant mixture was coated onto a clean Zn plate and then cured at 80 ∘ C for 2 h.
Characterization.
Raman spectrum was collected on a Jobin-Yvon LabRam HR800 Raman spectroscope equipped with a 514.5 nm laser source. AFM images were taken of rGO by a NTMDT NTE-GRA SPM instrument with NSG03 noncontact "golden" cantilevers.
The morphology of samples was observed by scanning electron microscopy (SEM) (Su-1500, HITACHI, Japan) with an accelerating voltage of 20 kV.
Thermogravimetric analysis (TGA) was carried out using a TA Q600 instrument in a temperature range from 20 to 600 ∘ C with a heating rate of 10 ∘ C min −1 in air. The system contains a small inner chamber used to control the pressure exerted on the coating and a large outer chamber for ambient control. The pressurizing medium was dry nitrogen and the flow rate was controlled by a mass flow controller. A pressure gauge was installed to the chamber and the pressure signals were transferred to a computer for recording and to a processor controller for regulating a proportional valve to maintain an intended pressure. The Michelson type of interferometer was used to measure the bulging of the coating. The difference between our optical setup and a typical Michelson interferometer was that the optical window used for the chamber acted as the reference mirror. An expander lens was used to expand the interference pattern onto a viewing screen. The interference pattern was then recorded using a digital video recorder with a frame rate of 30 frames/s. The recorded images and the bulge height were then transferred to a computer for analysis. 
Preparation of Sample Used in
where is the pressure, 0 is residual stress, ℎ is bugle height measured at the center of the window, is the dimension of the window, is the coating thickness, and is the biaxial modulus of the polymer coating and is defined as /(1 − V). and V are Young's modulus and Poisson ratio (ca. 0.45) of polymer coating [15] , respectively.
For the small strain case, the yield stress expression can be expressed as [16] 
where is yield strength, 0 is the pressure, and ℎ 0 is bugle height, which are obtained from the cure of versus ℎ and correspond to elastic deformation transferred to plastic deformation.
For the elastic strain case, the adhesive energy expressions can be expressed as [17] 
where is the adhesive energy of interface between polymer composite coating and Zn plate substrate, 0 is the pressure, and ℎ 0 is bugle height, which are obtained from the cure of /ℎ versus ℎ 2 and correspond to elastic deformation transferred to plastic deformation, and V is Poisson ratio and is assumed as 0.45. And then = (V) = 0.362.
Corrosion Measurements

Preparation of Sample Used in Corrosion Measurements.
As a typical procedure to prepare samples for corrosion measurements, freshly the rGO/silicone-acrylate resin mixture solution was coated onto the Zn plate (2.0 cm × 2.0 cm) and the rGO/silicone-acrylate resin composite film dried for 2 h at 80 ∘ C. The rGO/silicone-acrylate resin composite film with Zn plate substrate was then mounted to the working electrode. The other uncoated side and edges of Zn plate were sealed with super-fast epoxy cement (SPARR).
Electrochemical Measurements.
All the electrochemical measurements of corrosion potential and corrosion current were performed on a Volta Lab model 21 Potentiostat/Galvanostat in a standard corrosion test cell equipped with a saturated calomel reference electrode (SCE) and a working electrode, and all experimental data were repeated at least three times. The electrolyte was an aqueous solution containing 3.5 wt% of sodium chloride. Open circuit potential (OCP) at the equilibrium state of the system was recorded as the corrosion potential [ corr (V) versus SCE]. Corrosion current ( corr ) is determined by superimposing the straight line along the linear portion of the cathodic or anodic curve and extrapolating it through corr . Corrosion rate ( corr , mm/ year) is calculated from the following equation [18] :
where EW is the equivalent weight (g), corr is the corrosion current density ( A/cm 2 ), and is the density (g/cm 3 ).
Results and Discussion
Preparation of rGO/Silicone-Acrylate Resin Composite
Film. The Raman spectrum of rGO/silicone-acrylate resin composite film was shown in Figure 1 (a). It clearly shows two peaks of 1340.3 cm −1 and 1594.6 cm −1 assigned to D and G bands of rGO, and the D / G intensity ratio is about 1.1, implying the existence of rGO in the composite film [19] . The rGO/silicone-acrylate resin composite film was further characterized by the atomic force microscopy (AFM) as shown in Figure 1(b) . It clearly showed some sheet-like fillers in silicone-acrylate resin matrix, which may be assigned to rGO sheets. At the same time, it clearly showed that the size and thickness of rGO sheets were about 5.5 m and 2.4 nm, respectively. These results confirmed the formation of rGO/ silicone-acrylate resin composite film with good dispersion.
The structure of rGO/silicone-acrylate resin composite film was investigated by the SEM as shown in Figure 2 . The SEM images reveal very different morphologies for rGO/silicone-acrylate resin composite film with various contents of rGO. The smooth layer mainly consists of polymer while the interior ones (bright spots) are due to the rGO phase, which confirms the particles' distribution on the surface. The SEM images also show that the composite films consist of rGO fillers with sheet-like shape for the as-grown film and agglomerated mosaic structures observed for the composite films with rGO content of 1.9 wt%. In addition, the surfaces of all films were smooth, pin hole free, and free of cracks, which was very important to improve the corrosion resistance of coatings. The insets in Figures 2(b)-2(d) display the optical images of the composite films. The surface color of the pure silicone-acrylate resin film that changed from transparent (in inset in Figure 2(a) ) to black also demonstrates the doping of rGO in silicone-acrylate resin matrix. In addition to this, the black color was uniform on composite films. These results indicate that the rGO could be uniformly dispersed in silicone-acrylate resin matrix by a simple method. Figure 3 shows the thermogravimetric (TGA) analysis of rGO/silicone-acrylate resin composite film. As shown in Figure 3 , all the samples have only one decomposition step. The thermal stability of rGO/silicone-acrylate resin composite films was clearly increased, which are determined from the thermal decomposition temperature at weight loss of 10.0 wt% ( 10 ). 10 of composite films increased from 307.0 ∘ C to 336.0 ∘ C, corresponding to doping content of 0 and 1.93 wt%. It may be due to the interactions between the rubber matrix and the fillers. The NR macromolecules are attached on GO surface, which thus decreased the amplitude of their thermal motions as well as the degradation probability [20] . Here, the good dispersion of rGO in silicone-acrylate resin matrix is also responsible for the improvement of 10 , resulting in formation of more physical cross-linking point between inorganic particles and polymer matrix. Figure 4 showed typical pressure versus deflection curves of rGO/siliconeacrylate resin composite film, which was measured by the bulge test. Regardless of the processing conditions, the mechanical properties of silicone-acrylate resin were altered significantly by the rGO sheets. All composite films showed increased modulus and strength versus neat silicone-acrylate resin film, and the modulus and strength have strong dependence on rGO loading. As shown in Table 1 , the strength and moduli are improved rapidly with the increasing rGO content. However, they show a gradual decrease with further addition of rGO. The significant improvements of the strength and moduli are due to the very good exfoliation, high aspect ratio, uniform distribution of rGO in the siliconeacrylate resin matrix, and the hydrogen bonding between rGO and the polymer [21] . These interactions are believed to assist in forming a glassy layer at the filler-rubber interface. During the bulge test, the chains in this glassy layer could be easily reorientated and aligned together by slipping the chains along the filler [22] . After the chains' reorientation, the external stress can be distributed uniformly to avoid stress concentration [21] . When rGO content is more than 1.1 wt%, the strength and moduli start to slightly decrease because of the aggregation of excessive rGO content as shown in Figure 2 . In addition, it can be seen that the experimental results coincide with the elastic theory only when the pressure is small. As the pressure increases, the results evidently deviate from that of elastic theory. It indicates that considerable viscoelastic deformation is induced under high stress. It can also be seen that the pressure versus deflection curves of these composite films trended toward that of a thermoplastic deformation at higher pressure comparing to pure silicone-acrylate resin film. Adhesion energy of rGO/silicone-acrylate resin composite film against the rGO content was calculated by (3) as shown in Table 1 , too. The adhesion energy between rGO/ silicone-acrylate resin composite film and Zn substrate was significantly improved compared with pure silicone-acrylate resin film. It also showed that adhesion energy increased with increase in the rGO content. The average adhesion energy for pure silicone-acrylate resin film was about 5.5 N/m. The adhesion energy gradually increased to 12.3 N/m for the polymer composite films with rGO content of 1.93 wt%, corresponding to an improvement of 224.0%. This indicated that the introduction of rGO into silicone-acrylate resin matrix could effectively improve the interface force between silicone-acrylate resin film and metal substrate. The result was attributed to the fact that the interatomic force between rGO and metal was stronger than the typical van der Waals force between silicone-acrylate resin and metal [22] . The stronger bonding was due to an increase in the electronic density at the interface between the rGO and the metal, although the bonding type was basically van der Waals adhesion [23] . To the best of our knowledge, this has not been explicitly demonstrated elsewhere and therefore requires further study.
Mechanical Properties and Erosion Resistance of rGO/ Silicone-Acrylate Resin Composite Film.
The corrosion protection of Zn plates by rGO/siliconeacrylate resin composite film was investigated by electrochemical impedance spectroscopy as shown in Figure 5 . And then the corrosion potential ( corr ), corrosion current ( corr ), and corrosion rate ( corr ) were listed in Table 2 . It clearly showed that the Zn plates coated with GNS reinforced silicone-acrylate resin composite films all showed lower values of corr and corr than the pure silicone-acrylate resin film, implying that the rGO/silicone-acrylate resin composite films were nobler toward electrochemical corrosion relative to the pure silicone-acrylate resin. For example, the rGO/siliconeacrylate resin composite film (1.1 wt%) with Zn substrate showed a low corr value of 0.45 A/cm 2 in 3.5 wt% NaCl, which was about three orders of magnitude lower than the pure silicone-acrylate resin film with Zn substrate. The corresponding corr of rGO/silicone-acrylate resin composite film (1.1 wt%) with Zn substrate was ca. 0.8 mm/year, which was smaller than that (28.7 mm/year) of silicone-acrylate resin film. Although only a small proportion of rGO was incorporated into the silicone-acrylate resin film, high corrosion protection was afforded. By comparison with that of siliconeacrylate resin film in the previous works [11, 24, 25] , the corresponding corr of rGO/silicone-acrylate resin composite film was smaller. The good corrosion resistance may be attributed to the following two reasons: (1) silicone-acrylate resin could act as a physical barrier coating and (2) the welldispersed rGO embedded in silicone-acrylate resin matrix could prevent corrosion owing to a relatively higher aspect ratio than clay platelets, which enhances the oxygen barrier property of rGO/silicone-acrylate resin composite film [10, 25] . Figure 6 showed typical SEM images of the corroded surface of uncoated and coated Zn plates after 6 days of immersion in 3.5 wt% NaCl solution. It clearly showed that no distinct cracks or pitting corrosion was observed for all Zn plates coated with rGO/silicone-acrylate resin composite thin film compared with the uncoated Zn specimen (in Figure 6(b) ). Additionally, there were no changes in the surface of the coated specimen before and after corrosion (Figures 6 (a) and 6(c)-6(f), resp.). These results indicated that silicone-acrylate resin film was a good kind of protective layer for inhibiting the process of metal corrosion. Surface of the all specimens coated with polymer coating after corrosion was furthermore compared as shown in Figures 6(c)-6(f). It was obvious that there were some holes on surface of Zn plates coated with pure silicone-acrylate resin and rGO/siliconeacrylate resin composite film (1.93 wt%), indicating the presence of local corrosion. Contrarily, there were no holes on surface of Zn plates coated with rGO/silicone-acrylate resin composite films (0.27 wt% and 1.1 wt%). Based on the results of the electrochemical tests and corroded surface analysis, the rGO/silicone-acrylate resin composite films (0.27 wt% and 1.1 wt%) exhibited better corrosion resistance than other samples. The results were similar to the mechanical properties of polymer composite films as function of rGO content. It is well-known that mechanical properties (such as Young's modulus and hardness) and erosion resistance play important roles in the corrosion behavior of materials: a low mechanical property with high porosity and erosion resistance allows for the penetration of solution, which leads to local corrosion [10] . The rGO/silicone-acrylate resin composite film (0.7 wt%) exhibited better mechanical properties and a finer and more dense surface as shown in Table 1 and Figure 2 , respectively. In addition to this, rGO was a good inhibitor and rGO distributed on silicone-acrylate resin matrix could form a good protective layer to act as a barrier to the penetration of solution [26] [27] [28] . For these reasons, the rGO/siliconeacrylate resin composite film with good mechanical properties presented better corrosion resistance.
Conclusions
The rGO/silicone-acrylate resin composite films were prepared by in situ synthesis method and the rGO was well dispersed in the silicone-acrylate resin matrix and had good adhesion with silicone-acrylate resin matrix. Furthermore, the bulge tests were used to investigate the mechanical properties of rGO/silicone-acrylate resin composite films. The result measured by the bulge tests clearly showed that elastic modulus, yield stress, and adhesive energy of silicone-acrylate resin films were obviously improved by the introduction of rGO. Moreover, the erosion resistance of Journal of Nanomaterials rGO/silicone-acrylate resin composite film was also better comparing to the pure silicone-acrylate resin film. These results provide a novel route for studying and improving mechanical properties of rGO/polymer composite film with good erosion resistance. And the further investigations in erosion resistance of rGO/silicone-acrylate resin composite film under mechanic-corrosion coupled field have been carried out by our group.
